Some hydrodynamic systems, such as RayleighBenard convection in a layer whose lateral dimensions are sufficiently small, or Couette-Taylor flow in a system whose vertical height is not too great, are known to have chaotic states that can be described by few-dimensional strange attractors. ' Unfortunately, the physical origin of the chaotic behavior in these systems is still unclear, and predictive models are not generally available. In this paper we report experiments in which chaotic behavior clearly arises from a simple mechanism, competition between two different spatial modes or patterns. We suggest a phenomenological model that is related to the wavier-Stokes equations and explains many of the observations.
We also demonstrate that the time-dependent mode amplitudes can be obtained by digital imaging methods, even when several modes are present.
The system of interest is a cylindrical fluid layer in a container that is subjected to a small vertical oscillation. This system was first studied experimentally by Faraday, 4 In our experiments, the container (R = 6.35 cm) is mounted on the cone of a loudspeaker oscillating accurately in the vertical direction, and the fluid is water of depth 1 cm. Surface wave patterns are studied by refraction: An expanded parallel laser beam traverses the cell vertically and impinges on a translucent screen located 9 cm above the fluid surface. The intensity field on the screen is converted to an analog signal by a vidicon camera and then digitized in -"s (with a resolution of 320 by 240 points, and 8-bit precision) with use of a fast analog-to-digital converter and frame store residing on a computer bus. We synchronize the digitization with the forcing to insure a constant phase relative to the fundamental oscillation at -,v (typically 7 -10 Hz). This allows us to study the slowly varying parts of the mode amplitudes, which we denote by al (r).
We omit the second subscript because in practice only a single value of m is significant for a given value of jt.
Examples of digitized optical intensity fields formed by stable patterns involving only a single mode (and possibly harmonics) are shown in Fig. 1 for the (7,2) and (4,3) modes. The index l is obvious from the symmetry, awhile m was determined by matching the frequency to the known dispersion Below these curves, the surface is nearly flat (except for a small response at the driving frequency).
Above but near the minimum of each curve, the motion is dominated by a single mode, and the pattern is stationary. Pattern competition takes place in regions close to the intersections of two stability curves. In these regions, we find that both of the neighboring amplitudes are nonzero and that they oscillate periodically or chaotically at a mean frequency that is more than two orders of magnitude smaller than v. We have made a detailed study of the slow variations by digital imaging and spatial Fourier analysis.
We proceed by first integrating the digitized light intensity field over radial segments to reduce noise.
We then obtain the relative contributions of different values of l by calculating the magnitude squared of the complex Fourier series for the resulting angular intensity function I(0). The height of this "angular power spectrum" P(l) at given l is approximately proportional to the square of the mode amplitude aIO(t). (The constants of proportionality depend on radial integrals of the JI.)
Although it is possible to do a two-dimensional normal-mode analysis in both the angular and radial variables, this dramatically increases computational time without providing additional insight.
An example of the angular intensity function I(H) and corresponding angular spectrum P(l) for the competition between l = 7 and l = 4 modes is shown in Fig. 3 . There are seven angular maxima, and the dominant spectral peaks are at l=7 and I = 14. However, there is also a small peak at I = 4 corresponding to the admixture of a small amount of this mode into the surface displacement. In the regime of pattern competition, we find that the heights of the peaks are time dependent. By doing angular Fourier analysis at many times and plotting the square roots of the spectral heights P(7) and P(4), we obtain (Fig. 4) 
